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Outline 

  Goal and motivation 

  Description of experiment 

  Pre –experiment simulations 

  Data and analysis 
•  Heated targets: 

  Conclusion 
•  What’s next (?) 
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B


E & B


theories donʼt agree


Motivation: Even today, modeling and
 understanding stopping is challenging


There are many considerations
 when calculating charged particle
 energy loss in dense plasmas


Modern theories are complex and
 do not always agree.


(dynamic Born)


ions electrons 

knocked-on 
light ion 

collective 
e- modes 

B fields & 
collective 
ion modes 



4 
Option:UCRL#
 Option:Directorate/Department Additional Information


Basic idea: For a given proton energy, determine energy loss
 as a function of target thickness 

  Idea is simple; 
•  Measure the relative change in energy as a function

 of target thickness 
o  Characterize proton beam before entering target and after passing

 through target 

•  Measure plasma temperature and density 
o  Ideally as a function of space and time 

•  Determine time dependent ionization balance 

Execution is very hard
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Plan: Use short pulse laser generated protons to heat sample
 and short pulse laser generated protons to measure energy loss 

  Basic concept of experiment: 
•  Short pulse laser generated protons have a short pulse duration.

 They also have a long mean free path. Thus they are a good
 candidate for volumetric heating of material. 
o  This minimizes hydrodynamic expansion and spatial gradients during

 the stopping measurement 

o  The short proton pulse duration allows one to probe during a snap-shot
 of the plasma characteristics 

o  TITAN 
o  LULI 

Probe

protons


Heating

protons
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To look at proton heating of material, we have used the
 simulation code HYDRA 

The physical assumptions for proton energy loss in solid material using HYDRA:

From Tom Kaiser, Gary Kerbel, Manoj Prasad, HYDRA uses the following assumptions:
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Comparison of 3 spectrums 

Reproduction of Andy Hazi’s figure 

0.1MeV-30MeV analytical 

0.01MeV-30MeV analytical 

0.01MeV-2.5MeV Flat with2.5MeV-30MeV analytical 

Normalized with 1000 pts in
 each spectrum


Fraction of the total pulse energy for a
 given proton energy. 

A HYDRA input 
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Comparison of proton energy: 1J, 200mJ, 100mJ 
10μm C target with a FLAT/Analytical proton beam focused to 50 μm diam 
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Experimental layout 

  Protons heat edge-on 
•  Typical heating energy~130 J 
•  Typical probe energy~20 J 

  Proton spectrometer
 measures heating
 spectrum 
•  Spectrum is used to infer

 temperature 

  FDI measures expansion of
 critical surface 
•  Expansion velocity is used to

 infer temperature 
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Experiment: Our first stopping power experiment was performed
 at the TITAN laser facility 
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Audebert, et. al. PRE, 2001; 64: 056412
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Methodology: Use Fourier domain interferometry to  
determine the target characteristics 

Fourier Domain Interferometry (FDI)


FDI is a well Established Technique


• 
Use beam splitter and delay line control scale 
length


• 
Produce phase as a function of time

• 
ΔΦ(τ) ≈ expansion velocity

• 
V • Δ t -> density

• Isothermal expansion  ->temperature-> Z*
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Heating 
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(Time- and Space- Resolved Interferometry)


Chirped pulse
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11.5 um thick Carbon foil probed at 50 um from the heated 
surface       

Phase(rad) = 0,5639t(ps) + 132,71 
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TASRI raw data


Post processed data showing phase
 change due to heated carbon expansion


Carbon
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Code hydro 1D ESTHER 

Code hydro 1D ESTHER showing the
 calculated phase change in case of
 carbon put at different temperatures
 (not proton heated).
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The ionization dynamics of the carbon is critical to
 understanding the stopping power 
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Degree of ionization
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S = B 1− Z Za( ) lnΛ b n[ ]
n
∑  +  Z Za( ) lnΛ f

B = 4πe4NZa mV
2 ,  Λ b n = 2mV 2 Iz n ,   Λ f = 2mV 2 I f ,  Za = atomic number 

N = plasma density,  V = proton velocity,  Z = average ionization
Iz n = ionization potential,  I f =  Ze2 λD

• Ionization balance calculated using FLYCHK

• Solid density

• Stewart-Pyatt continuum lowering


• The bound electron stopping is dominated by

the C2+ charge state.


•  

• For our plasma we have:


€ 

Γii ≈ 5, Γie ≈ 2,  ϑ Fermi ≈ 0.84

Free electron stopping is in a partially
 degenerate gas




15 
Option:UCRL#
 Option:Directorate/Department Additional Information


Energy loss simulations have been performed using our proton
 spectrum as the source function 

  Simulation performed
 with SRIM 

  Uses Bethe-Bloch for
 dE/dx 

  Effects are most
 significant below 0.7
 MeV 
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Conclusion 

  Data reduction is still on-going, however preliminary data reduction
 have resulted in some observations: 
1.   Target charging  makes wedge proton data difficult to unfold. 
2.  “Cold” carbon data shows larger energy loss than anticipated.  
3.  Rough comparison with heated target data suggest an

 enhanced dE/dx for heated versus cold cases (see next
 bullet). 

4.  Temperature data suggest stopping is dominated by C+2 and
 partially degenerate free electrons 

  We are continuing  with data reduction. Our next experiment is in
 March 2011 (possibly something sooner at U. of Texas). 


